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Donor and acceptor concentrations in molecular beam epitaxial GaAs 
grown at 300 and 400 “C 
D. C. Look and G. D. Robinson 
University Research Center, Wright State University, Dayton, Ohio 4543.5 
J. R. Sizelove and C. E. Stutz 
Solid State Electronics Directorate, Wright Laboratory, Wright-Patterson Air Force Base, Ohio 45433 
(Received 30 November 1992; accepted for publication 18 March 1993) 
The first Hall-effect measurements on molecular beam epitaxial GaAs layers grown at the low 
temperatures of 300 and 400 “C are reported. Two independent methods were used to determine 
donor ND and acceptor N-4 concentrations and activation energy Em, with the following 
combined results: ND--3* 1 X lo’*, Nq- 1.5* 1 X 1017 cm-s, and E,=0.645*0.009 eV for 
the 300°C layer; ND,2& 1 x 10i7, NiZ7*3X 1016 cm-3, and E,=0.648*0.003 eV for the 
400 “C layer. Thus, the deep donor is not the expected EL2, which has Bw=0.75 =l=O.Ol eV. 
Since 1988, many papers have been published on the 
structural,1S2 electrical,3Z4 and device properties5-9 of mo; 
lecular beam epitaxial (MBE) GaAs layers grown at 
200 “C, far below the normal growth temperature of 580- 
600 “C. These layers are highly nonstoichiometric 
( 1%2% As rich), but have excellent structural and mor- 
phological properties. The point defect concentrations are 
extremely high,‘e with [As&j N 10” cme3, and an acceptor 
concentration (probably lVoJ> of about lOI cm- 3. After 
annealing at 550-600 “C, the point defect concentrations 
decrease by one to two orders of magnitude,3T4 and large 
( -60 A) As precipitates are formed.” Before the anneal, 
carrier hopping3 between the dense AsGa centers produces 
a low resistivity p of about 10 R cm, whereas after the 
anneal, p increases to about lo6 R cm. Various models 
exist as to the relative roles of the point defects and pre- 
cipitates in producing the high resistivity and useful device 
characteristics of 200 “C, MBE GaAs.3*4.” However, very 
little work has been done in characterizing layers grown at 
somewhat higher temperatures (up to 400 “C), probably 
because new, useful devices are still being developed with 
200-250 “C material. This is unfortunate because, as we 
have shown recently, the 400 “C material is the first epitax- 
ial GaAs which is truly semi-insulating ( p > lo7 n cm) as 
grown, I2 and thus shows immediate promise as a buffer, 
gate insulator, or passivation layer. We do not have device 
results, as yet, but wish to report on the electrical proper- 
ties, including donor ND and acceptor NA concentrations, 
and donor activation energy Em From other studies” we 
know that the donor in 400 “C GaAs involves the As an- 
. . tisite Asoa, but is not EL2; here we show that the same 
donor is present in 300 “C material. 
To determine ND and N.4, two independent methods 
were applied. (Note that a third method, infrared absorp- 
tion, which has been used successfully with 200 “C layers,” 
cannot be used here because the sheet ND concentration is 
too low.) The first method involves the temperature- 
dependent Hall (TDH) effect, which has been applied ex- 
tensively with 200 and 250 “C layers and reported in detail 
elsewhere.3S4 In the TDH method we measure the conduc- 
tivity o and Hall coefficient R as a function of temperature 
(300-500 K), and perform a simultaneous least-squares fit 
to the equations 
a=ffb+ah, (1) 
Rba;+Rhc$ 
R=- (ub-,-@h)’ ’ (2) 
where b denotes conduction-band conductivity and h de- 
notes hopping conductivity among the AsGa centers. As 
enumerated in Refs. 3 and 4, ob, oh, Rb, and Rh are 
temperature-dependent functions of ND, NA , and Em, so 
that the latter quantities become the fitting parameters. 
The second method for determining ND and NA is new, 
as far as we known, and so will be discussed in greater 
detail; we will call it the “charge transfer” (CT) method. 
Basically, the idea is to grow the layer of interest (“cap” 
layer) onto a n- or p-type conductive (“active”) layer, and 
then use the Hall effect to deduce the charge transfer from 
the conductive layer to the cap. The Hall effect determines 
the sheet carrier concentration no (or po) in the active 
layer, where nO=n (d,-- w,- wi). Here n is the volume 
electron concentration, d, is the active layer thickness, w, is 
the thickness of the free-carrier-depleted region in the ac- 
tive layer next to its top interface (active-layer/air or 
active-layer/cap interface), and Wi is the same quantity 
next to the active-layer/substrate interface.i3 When the cap 
is added to the active layer, w, will change, because elec- 
trons will no longer flow to active-layer/air surface states 
(which pin the surface Fermi level EFS at about EC-O.7 
eV) but will instead flow to acceptors in the cap. The 
situation is illustrated in Fig. 1, in which w, changes from 
w, to wb after the cap (the top 2000 A) is added. Note that 
the cap should be thick enough that a flatband region ex- 
ists, as shown in Fig. 1. For the n-type sample depicted in 
Fig. 1, let us designate the free-surface depletion width 
(w,> by wnso, and the new depletion width after the cap is 
added (wb) by w,,. Then, An,=no(cap) -n,(no cap) 
=n (w,&-- w,). The value of rz can be found by several 
different methods: ( 1) comparing no in two samples with 
different active-layer thickness d,; (2) growing and mea- 
suring a thick sample in which d,s w,, wi; or (3) perform- 
ing a capacitance-voltage measurement. The value of w,~ 
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FIG. 1. Conduction band diagrams for (a) an active layer alone (N, 
-3.3X10” cm:‘), and (b) an active layer with a 2000-A-thick cap 
(N,&!.7X 10” cm- 3, N,,=l.l X 10” cm-‘, and E&=0.648 eV). 
can easily be found from a standard formula [Eq. (2) of 
Ref. 13, for example], since the free surface potential is well 
known. Then w,, can be calculated and used to determine 
N A,cap from the well-known formula,*3 valid in the deple- 
tion approximation, 
2.dg5,,-q5n,-kT/e) 
W ,= 4 1 +dN.4,,ap) ’ (3) 
where n=ND-NA in the active layer, #,, is the flat band 
Fermi potential measured in a separate, thick layer of the 
cap by fitting Eqs. ( 1) and (2), and 
(4) 
Here, Nc=4.16x 1017 cmm3 at 296 K in GaAs. To deter- 
mine %4cap we use a p-type active layer beneath the cap 
and use the analogous formula 
W/X’ 
2cz(q&,,,-qb,-kT/e 
ep ( 1 +P/ND,~~~ 1 ’ 
(5) 
where &PC is now the flat band potential in the cap with 
respect to the valence band (e~~pc==EG-e~nc). Thus, we 
can determine NA in the cap from Eq. (3) and ND from 
Es. (5). 
The MBE layers were grown on semi-insulating sub- 
strates in a Varian Gen II system. The AsJGa beam 
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FIG. 2 The resistivity p and apparent Hall concentration n as functions 
of T’. The solid lines are theoretical fits. 
equivalent pressure (BEP) was held at about 20, and sub- 
strate temperatures were measured with a thermocouple 
situated close to (but not touching) the substrate. The 
thermocouple could be calibrated at 400 “C with an optical 
pyrometer. A total of ten samples was grown, as follows: 
( 1) 5-pm-thick, 300 “C! GaAs layer on a 1000 h; AlAs 
separation layer; (2) 0.25pm-thick, 580 “C, Be-doped, 
p-type active layer (p- 3  x lOI7 cmW3) on an 0.5~,um-thick 
undoped buffer layer; (3) same as (2) but with a l-,um- 
thick, 300°C cap layer on top; (4) and (5) same as (2) 
and (3) but with n-type (Si-doped, n-3 x 1Or7 cm-3) in- 
stead of p-type active layers; (6)-( 10) same as (l)-(5), 
but with 400 “C! material in place of the 300 “C! material. 
Layers ( 1) and (6) were separated from their respective 
substrates by a technique described earlier.4,14 This separa- 
tion process was absolutely essential for accurate resistivity 
and Hall-effect measurements because of the high resistiv- 
ities ( 106-10’ n cm) of these two layers. For each of the 
other eight samples, the sheet carrier concentration IZ~ (or 
pa) was measured by the Hall effect, and Eq. (3) [or Eq. 
( 5  )] was used to calculate NA,cap (or ND,cap). The results 
are listed in Table I. 
The temperature-dependent resistivity and Hall-effect 
data for sample ( 1) (300 “C) and the theoretical fits [to 
Eqs. ( 1) and (2)] are shown in Fig. 2. As is seen, the fits 
are excellent, with hopping conduction important below 
mea- 
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surement temperatures of about 340 K, but not at higher 
temperatures. For the 400 “C sample, the Arrhenius plots 
of II and p (not shown) are very close to simple, straight 
lines, not exhibiting any curvature due to hopping conduc- 
tion at all. The fitted values of ND, NA , and E, are shown 
in Table I. The spreads in ND and NA are due to uncer: 
tainty in a factor (gb/gr)exp (a/k), where a is given 
by ED=Em-aT.3v4 For the AsGa O/+ transition, we 
would expect go/g1 =2, whereas a for EL2 (related to 
Aso,) is about 0.1 eV/ 300 K ~3.3 X lop4 eV/K, so that 
(go/g1 ) exp ( a/k) N 100. However, there is some experi- 
mental evidence for EL2 that” (gdg, ) exp (a/k) II: 25. As- 
suming one or the other of these values leads to the given 
spread in ND and NA . However, Em does not vary much 
because it is fixed by the long, straight-line portion of an 
Arrhenius plot of n/p”. 
As seen in Table I, the values of ND as determined by 
the two methods [Hall effect (H) and charge transfer 
(CT)] agree well within error for both 300 and 400 “C 
materials. However, the CT value of NA for the 300 “C 
layer is more uncertain, partly because of a poor choice of 
concentration (too high) in the n-type active layer. That is, 
the fractional charge transferred from the active layer to its 
cap was too small in this case, leading to a value of w, 
which was not large enough to be accurately deduced. 
Thus, we believe that the 300 “C TDH value of NA is more 
accurate than the CT number. Future samples will be more 
carefully optimized. 
The present data can be combined with previous data 
to summarize ND and N,d in MBE GaAs grown at temper- 
atures from 200 to 400 “C. In rough terms, ND- 102’, 1018, 
and 1017 cmY3 , and NA= 1019, 10” and mid-lot6 cmm3 
for T,-200, 300, and 400 “C, resp:ctively. The resistivil 
ties are about 10, 105, and lo7 fl cm, and the mobilities, 
about 200, 2000, and 5000 cm2/V s, respectively. Thus, to 
our knowledge, MBE GaAs grown at 400 “C is the first 
high-quality epitaxial material grown by any means that is 
truly semi-insulating (p > lo7 fl cm). It should also be 
noted, from a “defect engineering” point of view, that ND 
can be varied from 1012 to 102’ crnm3 and NA from 10” to 
lOI9 cmB3 in MBE GaAs, as T, is varied from 580 to 
200 “C. It is probable that further “fine tuning” of ND and 
Nq can be accomplished by adjusting the BEP. 
Another important consequence of the present study, 
from a physics point of view, is the identification of the 
dominant donor in both 300 and 400 “C material as an 
Aso,-related center having an activation energy of 0.645 
f 0.009 eV. Furthermore, 350 “C! material has been shown 
to have this same activation energy,t2 and 200 “C material, 
which has been annealed at 550 or 600 “6 appears to also 
have a similar energy,“.12 although this latter observation is 
not as clear because of the strong presence of hopping 
conduction in 200 “C GaAs, even at high measurement 
temperatures. Thus, the deep donor in MBE GaAs grown 
at TG= 300-400 “C, and probably also at TG < 300 “C, is 
not EL2. 
In summary, by carrying out temperature-dependent 
Hall-effect measurements on separated films, and employ- 
ing a novel charge-transfer experiment on capped, conduc- 
tive layers, we have determined the donor and acceptor 
concentrations in MBE GaAs layers grown at low sub- 
strate temperatures, 300-400 “C. The first truly semi- 
insulating epitaxial GaAs has been grown, and the domi- 
nant donor has been shown to be AsGa related, but not the 
same as EL2. 
We wish to thank E. N. Taylor and J. E. Ehret for the 
GaAs crystal growth, and R. Heil for manuscript prepara- 
tion. D. C. L. and G. D. R. were supported under USAF 
Contract No. F33615-91-C-1765. 
‘M. Kaminska, Z. Liliental-Weber, E. R. Weber, T. George, J. B. Kor- 
tright, F. W. Smith, B-Y. Tsaur, and A. R. Calawa, Appl. Phys. Lett. 
54, 1881 (1989). 
‘M. R. Melloch, N. Otsuka, J. M. Woodall, A. C. Warren, and J. L. 
Freeouf, Appl. Phys. L&t. 57, 1531 (1990). 
‘D. C. Look, D. C Walters, M. 0. Manasreh, J. R. Sizelove, C. E. Stutz, 
and K. R. Evans, Phys. Rev. B 42, 3578 (1990): 
4D. C. Look, D. C. Walters, G. D. Robinson, J. R Sizelove, M. G. Mier, 
and C. E. Stutz, J. Appl. Phys. (in press). 
‘F. W. Smith, A. R. Calawa, C-L. Chen, M. J. Manfra, and L. J. Ma- 
honey, IEEE Trans. Electron Device Lett. EDL-9, 77 (1988). 
‘F.. W. Smith, Mater. Res. Sot. Symp. Proc. 241, 3 (1992). 
‘L-W. Yin, Y. Hwang, I. H. Lee, R. M. Kolbas, R. J. Trew, and U. K. 
Mishra, IEEE Trans. Electron Device Lett. 11, 561 (1990). 
‘C-L. Chen, F. W. Smith, B. J. Clifton, L. J. Mahoney, M. J. Manfra, 
and A. R. Calawa, IEEE Trans. Electron Device Lett. 12, 306 (1991). 
‘M. Y. Frankel, J. F. Whitaker, G. A. Mourou, F. W. Smith, and A. R. 
Calawa, IEEE Trans. Electron Devices 37, 2493 (1990). 
“‘D. C. Look, D. C. Walters, M. Mier, C. E. Stutz, and S. K. Brierly, 
Appl. Phys. Lett. 60, 2900 ( 1992). 
“A. C. Warren, J. M. Woodall, J. L. Freeouf, D. Grisckowsky, M. R. 
Melloch, and N. Otsuka, Appl. Phys. Lett. 57, 1331 (1990). 
“D C. Look, Z-Q. Fang, J. R. Sizelove, and C. E. Stutz, Phys. Rev. Lett. 
70, 465 (1993). 
13D. C Look, C. E. Stutz, and K. R. Evans, Appl. Phys. Lett. 56, 668 
(1990). 
14D. C. Look, G. D. Robinson, J. R. Sizelove, and C. E. Stutz., in Semi- 
itihlating III-VMateriaIs, Ixtapa, 1992, edited by C. J. Miner, W. Ford 
and E. R. Weber (IOP, Bristol) (in press). 
“J. S. Blakemore, in Semi-Insulating III-V Materials, Hakone, I986 
edited by H. Kukimoto and S. Miyazawa (Ohmsha, Tokyo, 1986), p. 
389. 
3006 Appl. Phys. Lett., Vol. 62, No. 23, 7 June 1993 Look et a/. 3006 : 
Copyright ©2001. All Rights Reserved.
